A decrease in the activity of proprotein convertase subtilisin/kexin type 9 (PCSK9) increases the amount of lowdensity lipoprotein (LDL) receptors on liver cells and, therefore, LDL clearance. The clearance of lipids from pathogens is related to endogenous lipid clearance; thus, PCSK9 may also regulate removal of pathogen lipids such as lipopolysaccharide (LPS). Compared to controls, Pcsk9 knockout mice displayed decreases in inflammatory cytokine production and in other physiological responses to LPS. In human liver cells, PCSK9 inhibited LPS uptake, a necessary step in systemic clearance and detoxification. Pharmacological inhibition of PCSK9 improved survival and inflammation in murine polymicrobial peritonitis. Human PCSK9 loss-of-function genetic variants were associated with improved survival in septic shock patients and a decrease in inflammatory cytokine response both in septic shock patients and in healthy volunteers after LPS administration. The PCSK9 effect was abrogated in LDL receptor (LDLR) knockout mice and in humans who are homozygous for an LDLR variant that is resistant to PCSK9. Together, our results show that reduced PCSK9 function is associated with increased pathogen lipid clearance via the LDLR, a decreased inflammatory response, and improved septic shock outcome.
INTRODUCTION
Microbial cell walls contain pathogenic lipid moieties such as lipopolysaccharide (LPS; Gram-negative bacteria), lipoteichoic acid (a structurally similar glycolipid found in Gram-positive bacteria) (1) , and phospholipomannan (fungal pathogens) (2) . These pathogen-associated lipids are major ligands for mammalian innate immune receptors [Tolllike receptors (TLRs)] and thus figure prominently in the septic inflammatory response (septic shock, or sepsis). Septic shock is an often fatal complication of a severe microbial infection (sepsis) that triggers an uncontrolled systemic inflammatory response ("cytokine storm") and subsequent organ failure. Beyond antibiotic therapy, there are currently no effective treatments for sepsis or septic shock.
Free pathogen lipids in the circulation are quickly bound by transfer proteins (3) . Microbial LPS-binding protein (LBP) and bactericidal permeability-increasing protein (BPI) are similar to the endogenous mammalian lipid transfer proteins phospholipid transfer protein (PLTP) and cholesterol ester transfer protein (CETP), all of which bind pathogen lipids (3). When they are either bound to transfer proteins or free in the circulation, pathogen lipids trigger an inflammatory response through TLRs (4) . In addition, when bound to transfer proteins (5), pathogen lipids are incorporated initially into high-density lipoproteins (HDLs) and subsequently can be transferred to low-or very-low-density lipoproteins (LDLs and VLDLs, respectively) (6), cleared from the blood by the liver, detoxified in the liver, and ultimately secreted in the bile (7) . Binding, sequestering, and clearance from the blood reduces the inflammatory response induced by pathogen lipids (5, 7, 8) . Therefore, understanding mechanisms of clearance from the blood for microbial lipids might provide the insight into the development of new therapeutic strategies for sepsis.
Proprotein convertase subtilisin/kexin type 9 (PCSK9) is a central regulatory molecule that inhibits clearance of endogenous cholesterol lipid from the blood. PCSK9 binds the LDL receptor (LDLR) on hepatocytes, stimulates its internalization, promotes LDLR lysosomal degradation, and prevents recycling of LDLR to the cell surface (9) (10) (11) . Thus, PCSK9 decreases LDLR cell surface density and, in turn, decreases clearance of LDL particles and increases plasma LDL cholesterol. Loss-offunction (LOF) variants of the PCSK9 gene result in increase clearance of LDL cholesterol from the circulation (12) (13) (14) (15) (16) (17) (18) , whereas PCSK9 gain-offunction (GOF) variants have the opposite effect (13, 19) with a concordant and marked impact on a person's risk of developing cardiovascular disease (20) , coronary artery disease (12) , and myocardial infarction (20, 21) . These genetic discoveries triggered a race to develop PCSK9 inhibitors (22) , which now show great promise in increasing LDL clearance (9) and lowering blood LDL cholesterol as well as the risk of atherosclerosis and its sequelae (20) . We hypothesized that pathogen lipid clearance may also be modulated by PCSK9 inhibition, particularly in view of the striking similarities between mechanisms of transport and clearance of cholesterol and pathogen lipids (3, 5) .
RESULTS
To test this hypothesis, we administered LPS intraperitoneally to Pcsk9 knockout (Pcsk9 -/-) mice and genetic background control mice to measure LPS clearance, the cytokine inflammatory response, and clinically relevant physiological outcomes. Six hours after LPS administration, Pcsk9 -/-mice had lower plasma concentrations of the early proinflammatory cytokine tumor necrosis factor a (TNFa) (P = 0.018); the integrative inflammatory cytokine interleukin-6 (IL-6), which is associated with survival in human sepsis (P = 0.004); the anti-inflammatory cytokine IL-10 (P = 0.003); the CC chemokine JE [also called murine monocyte chemotactic protein 1 (MCP-1)] (P = 0.006); and the CXC chemokine macrophage inflammatory protein 2 (MIP-2) (P = 0.019) (Fig. 1 , top panel, LPS graphs). There were no differences in cytokine concentrations between Pcsk9 -/-mice and controls after sham saline treatment (Fig. 1 , top panel, baseline cytokines).
Pcsk9 -/-mice displayed blunted systemic and cardiovascular responses to LPS treatment. By 6 hours after LPS injection, all 10 genetic background control mice exhibited continuously hunched posture and did not move despite strong stimulus (activity index of 0 of 4) (Fig. 1, bottom panel, A) and demonstrated a progressive loss of body temperature such that 6 of the 10 control mice had a final body temperature <32°C (mean, 30.5 ± 2.8°C) (Fig. 1, bottom panel, B) . In contrast, the Pcsk9 -/-mice had a mean activity index of 1.6 ± 0.9 (P = 2.2 × 10 -16 versus control), which corresponded to decreased activity interspersed with normal activity. None of the 10 Pcsk9 -/-mice had their temperature drop below 32°C (mean, 35.2 ± 1.8°C; P = 0.00035 versus control). LPS induced an acute decrease in mean arterial pressure and left ventricular ejection fraction (Fig. 1, bottom panel, C and D) within hours in control mice (23, 24) . Both the decrease in mean arterial pressure -/-mice. Top: Plasma cytokine concentrations at baseline (top) and after LPS. A multiplex cytokine assay measured TNFa, IL-6, IL-10, JE, and MIP-2 at baseline and 6 hours after intraperitoneal injection of LPS (20 mg/kg). There were no significant differences at baseline shown in the bottom right frame (n = 9), whereas all cytokines were significantly (P < 0.05) lower in Pcsk9 -/-mice (n = 9) than wild-type control mice (n = 9) after exposure to LPS. Bottom: (A) Activity phenotype. All 10 wild-type control mice had an activity index of 0 (no movement) by 6 hours after LPS administration compared to none of 10 Pcsk9 -/-mice. Analysis of variance (ANOVA) demonstrates a difference between Pcsk9
-/-and wild-type mice (P = 2.2 × 10 -16
) that was statistically significant (*P < 0.05) in hours 3 to 6. Typically, an activity index less than 0.5 represents a terminal state. (B) Body temperature. Wild-type control mice demonstrated a progressive loss of body temperature over the 6 hours after LPS administration such that 6 of the 10 mice had a body temperature <32°C, whereas none of 10 Pcsk9 -/-mice had their temperature drop below 32°C. ANOVA demonstrates a difference between Pcsk9
-/-and wild-type mice (P = 0.00035) that was statistically significant (*P < 0.05) in hours 4 to 6. Typically, a sustained temperature lower than 32°C represents a terminal state. (C) Blood pressure. Mean arterial pressure is preserved and was significantly higher in Pcsk9 -/-mice than in wild-type control mice 6 hours after administration of LPS (P = 0.014 by ANOVA). (D) Left ventricular ejection fraction. Left ventricular function is preserved in Pcsk9 -/-mice compared to wild-type control mice as evidenced by significantly higher left ventricular ejection fraction 6 hours after LPS infusion (P = 0.031 by ANOVA).
(P = 0.014) and that in left ventricular ejection fraction (P = 0.031) were significantly ameliorated in Pcsk9 -/-mice. LPS clearance from the blood and detoxification are accomplished almost exclusively by the liver (25) . Six hours after LPS administration, Pcsk9 -/-mice had 55% lower plasma endotoxin concentrations compared to control mice (P = 0.021, Kruskal-Wallis test), suggesting that increased plasma LPS clearance had taken place. We used genetically identical human liver cells to confirm that the presence of extracellular PCSK9 altered the rate of LPS uptake into the liver and thus clearance from the circulation. After confirming by fluorescence-activated cell sorting analysis that the decline in LDLR expression reached a nadir by PCSK9 protein (3 mg/ml) (doses, 0, 1, 3, and 10 mg/ml) (26), we found that this dose resulted in a 65 ± 7.0% decrease in the amount fluorescent LPS [LPS-(Alexa 488)] detected in the cells ( Fig. 2A) , expressed as the mean fluorescence intensity (MFI). The MFI of cells exposed to Alexa 488-bound LPS was 1.49 ± 0.06, whereas the addition of PCSK9 (3 mg/ml) reduced the MFI to 0.52 ± 0.03. This effect is highly significant with a P value of 8.20 × 10 -7 (Fig. 2B ). To determine whether pharmacological inhibition of PCSK9 would also have beneficial effects in a more clinically relevant model of sepsis, we induced polymicrobial sepsis in mice using cecal ligation and puncture (CLP). We administered resuscitation fluid immediately, and then 6 hours after CLP, we administered antibiotics, which is a typical treatment regimen for human sepsis. After randomization and while maintaining double-blind conditions, we also administered, at the 6-hour time point and daily thereafter, a PCSK9-blocking antibody or isotype control immunoglobulin G (IgG) subcutaneously and observed the mice for 72 hours. The PCSK9-blocking antibody significantly increased survival (P = 0.034) (Fig. 3A) and blunted the inflammatory cytokine response (Fig. 3B) . By the third day after CLP, endotoxin activity was much lower in plasma from mice treated with the PCSK9-blocking antibody (0.05 ± 0.006) compared to controls (0.15 ± 0.50) (P = 0.05). In addition to the reduction in circulating endotoxin, we measured the density of bacteria seeded in mouse lungs through quantitative polymerase chain reaction (qPCR) assays designed to measure the bacterial 16S ribosomal RNA region of the genome. This technique is generally more sensitive than traditional in vitro culture methods and has been successfully performed previously in our laboratory (27, 28) . In mice treated with anti-PCSK9, there was a nonsignificant trend toward fewer bacteria per milligram of lung tissue at both day 1 (4300 ± 1000 versus 13,000 ± 6400; P = 0.3) and day 3 (360 ± 180 versus 4000 ± 2700; P = 0.1) compared to control antibody-treated mice.
In humans, PCSK9 LOF genetic variants are associated with increased LDL clearance, whereas GOF mutations have the opposite effect (12, 14, 15, 19, 21) . We reasoned that, because clearance of pathogen lipids intersects with pathways for clearance of LDL cholesterol, PCSK9 genetic variation could be used to test our PCSK9 hypothesis in humans. Accordingly, we genotyped the most common PCSK9 missense LOF variants (minor allele frequency, ≥0.5%), rs11591147 (R46L), rs11583680 (A53V), and rs562556 (V474I), and the most common missense GOF variant, rs505151 (G670E), in septic shock patients (29) enrolled in the Vasopressin and Septic Shock Trial (VASST) (30) . DNA was available from 632 patients, and 13 patients who carried both LOF and GOF variants were excluded from analysis. All single-nucleotide polymorphisms (SNPs) were in Hardy-Weinberg equilibrium (table S2) . Baseline characteristics were similar between genotypes when the participants were deemed to have met the study entry criteria (table S3). We found that septic patients in VASST who have at least one PCSK9 LOF allele showed increased survival over a 28-day period [71.7% survival at day 28 (28-day survival indicates 28 days after enrollment into the study)] compared to patients without a LOF or a GOF allele (61.0% survival at day 28); patients with a GOF allele showed the opposite effect (56.8% survival at day 28) (P = 0.0029; PCSK9 LOF, no LOF + no GOF, and GOF were compared by log-rank test stratified by ancestry) (Fig. 4A ). Using logistic regression to identify and adjust for the potentially Group mean data from n = 6 flow cytometry runs. In HepG2 cells known to have only a trace of secreted PCSK9, the MFI of cells exposed to Alexa 488-bound LPS was 1.49 ± 0.06, whereas the addition of PCSK9 (3 mg/ml) reduced the MFI to 0.52 ± 0.03. This effect is highly significant with a P value of 8.20 × 10 -7 by unpaired t test.
important covariates of age, gender, ancestry, and surgical versus medical diagnosis, we found that the PCSK9 LOF genotype remained significantly associated with increased survival, and GOF had the opposite effect (P = 0.0054) (table S4) .
These PCSK9 findings were replicated in a second independent cohort of 415 septic shock patients from St. Paul's Hospital (SPH), Vancouver, Canada (Fig. 4B ). Seven patients carried both PCSK9 LOF and GOF alleles and were excluded from analysis. PCSK9 LOF was associated with increased survival, whereas GOF was associated with decreased survival [P = 0.022 by log-rank test stratified by ancestry (Fig. 4B) ; P = 0.014 using logistic regression with above covariates (table S4) ].
Although underpowered for such an experiment, we performed an exploratory analysis to determine which LOF mutation exerted the strongest effect. Figure 4C shows the adjusted hazard ratios for death for each of the LOF and the single GOF allele as well as their cumulative effect. This analysis suggests that rs11591147 may carry the greatest protective effect, and this LOF mutation is known to result in the greatest lowering of blood LDL cholesterol as well (31, 32) . We went on to assess whether there was a dose effect of the sum of GOF and LOF alleles. Combining the SPH and VASST cohorts and using a linear model in which an individual could have a GOF (0, 1, or 2) and LOF (0, -1, or -2) variant with a resultant range of +2 to -6, we observed a dose effect with an overall hazard ratio per "risk" allele (not having LOF or having GOF) of 1.19 (95% confidence interval, 1.05 to 1.35; P = 0.006) (Fig. 4C) .
Inflammatory cytokines measured in plasma from a convenient sample of 152 patients carrying a PCSK9 LOF allele and 21 patients carrying a GOF allele from the VASST cohort mirrored the murine results; patients carrying a PCSK9 LOF allele had significantly, or a trend toward, lower plasma cytokine concentrations compared to patients carrying a GOF allele (Fig. 4D ) for TNFa (P = 0.01), IL-6 (P = 0.042), the anti-inflammatory A B Fig. 3 . Double-blind, randomized control study of PCSK9 inhibition in a murine model of polymicrobial peritonitis. All study personnel were blinded as to group assignments (PCSK9-blocking antibody or isotype control IgG). C57BL/6 mice [n = 14 (PCSK9-blocking antibody) and n = 15 (isotype control)] were followed for 72 hours after CLP, and the time of death was recorded. Treatment with the antibiotic imipenem and the blinded study drug (PCSK9-blocking antibody of isotype control) began 6 hours after CLP, and both were administered daily thereafter. (A) There was a significant improvement in survival with PCSK9-blocking antibody (71%) versus isotype control treatment (40%) by log-rank test (P = 0.034). (B) Serial plasma inflammatory cytokine measurements beginning the first day (day 1) after CLP are shown. Using ANOVA, PCSK9-blocking antibody increases the clearance rate of TNFa (P = 0.027), IL-6 (P = 0.051), IL-10 (P = 0.068), JE (P = 0.0085), and MIP-2 (P = 0.040). Ab, antibody.
cytokine IL-10 (P = 0.008), the human CC chemokine MCP-1 (P = 0.035), and the human CXC chemokine IL-8 (P = 0.075).
To further test our PCSK9 hypothesis in humans while avoiding the heterogeneity of septic shock, we administered a uniform dose of LPS [Escherichia coli-derived LPS (1 ng/kg) delivered intravenously] to healthy human subjects who were genotyped for PCSK9 LOF SNPs, and we measured plasma IL-6 concentrations at baseline (pre-LPS) and at 1, 2, 4, and 12 hours after LPS administration. We found that plasma IL-6 peaked at 2 hours after LPS treatment, and subjects who carried a PCSK9 LOF allele (n = 110) displayed a significantly decreased peak IL-6 concentration [113.5 pg/ml; interquartile range (IQR), 46.5 to 201.5] compared to subjects who did not carry a LOF allele [n = 132; 146.7 pg/ml (IQR, 71.6 to 249.0)] [P = 0.019 by unadjusted rank sum test and P = 0.045 by regression of square root-transformed values with analysis adjusted for age, gender, body mass index (BMI), and the first three components of a principal components analysis]. Similarly, subjects who carried a PCSK9 LOF allele had a significantly decreased IL-6 area under the curve response (24.0 ng/ml; IQR, 11.9 to 36.2) to LPS administration compared to subjects who did not carry a LOF allele (28.1 ng/ml; IQR, 16.1 to 40.1; P = 0.048 adjusted as above). As in the Pcsk9 -/-mice, this anti-inflammatory effect was demonstrated only with an inflammatory stimulus (LPS). At baseline, there was no difference in IL-6 concentrations between subjects who carried a PCSK9 LOF allele (2.21 pg/ml; IQR, 1.63 to 3.35) and those who carried a GOF (2.06 pg/ml; IQR, 1.38 to 4.11) (adjusted P value = 0.78 by unadjusted rank sum test).
The primary effect of PCSK9 inhibition on increased hepatic clearance of LDL cholesterol occurs via increased expression of the LDLR (9, 10, 33) . To determine whether the LDLR was similarly causal for LPS clearance effects, we used pharmacological inhibition of PCSK9 in Ldlr Patients in VASST having at least one PCSK9 LOF allele (solid black line) had increased survival over 28 days compared to patients without a LOF or GOF allele (dashed black line) and those patients having a GOF allele (gray line) (P = 0.0029 by log-rank test). (B) Survival curve for SPH cohort by LOF and GOF genotype. Similarly, in the SPH replication cohort, patients carrying at least one LOF allele (solid black line) demonstrated increased survival compared to those who did not (dashed black line), and patients carrying a GOF allele (gray line) had decreased survival (P = 0.022 by log-rank test). (C) Plot of individual and pooled hazard ratios by SNP in a combined VASST + SPH sepsis cohort. (D) Plasma cytokines taken upon enrollment (median, 18 hours after the onset of septic shock) in VASST patients. Patients carrying a PCSK9 LOF allele had significantly (using ANOVA), or a trend toward, lower plasma cytokine concentrations compared to patients carrying a GOF allele (Fig. 3C) for TNFa (P = 0.01), IL-6 (P = 0.042), the anti-inflammatory cytokine IL-10 (P = 0.008), the human CC chemokine MCP-1 (P = 0.035), and the human CXC chemokine IL-8 (P = 0.075). (E) Survival in VASST of LOF and No LOF patients by LDLR rs688 genotype. In patients carrying two copies of the LDLR LOF allele of rs699, survival was not altered by PCSK9 LOF (P = 0.67 by log-rank test). In contrast, for patients carrying at least one wild-type allele of LDLR, PCSK9 LOF was significantly associated with improved survival (P = 0.009 by log-rank test).
knockout (Ldlr -/-) mice and compared them with genetic background control mice. Indeed, pretreatment with berberine (34, 35) for 72 hours inhibited hepatic PCSK9 mRNA expression by 65 ± 20% (P < 0.05). In the background control mice, we confirmed that pharmacological inhibition of PCSK9 using berberine blunted the effect of LPS injection on the activity index (P = 0.007) and body temperature (P = 0.046) (table S1). In contrast, in Ldlr -/-mice, we found that the effects of PCSK9 inhibition on activity and body temperature were abolished (table S1), indicating that PCSK9 altered these physiological responses to LPS injection via the LDLR. To validate and translate these results to human septic shock, we took advantage of the knowledge that the minor (less common) allele of an SNP within the LDLR gene, rs688, results in an altered EGF (epidermal growth factor) A domain/b propeller region (binding site of PCSK9) that renders the LDLR insensitive to changes in PCSK9 concentrations (36) . Therefore, we further genotyped septic shock patients in VASST for LDLR rs688 and found that patients who were homozygous for the rs688 minor allele were indeed insensitive to changes in PCSK9 that arose from the PCSK9 genotype (P = 0.67; PCSK9 LOF, no LOF + no GOF, and GOF compared by log-rank test) (Fig. 4E) . In contrast, patients carrying one or more major alleles of LDLR rs688 demonstrated clear differences in survival according to PCSK9 genotype (P = 0.009; PCSK9 LOF, no LOF + no GOF, and GOF compared by log-rank test).
DISCUSSION
Our results support the hypothesis that reduced PCSK9 function increases pathogen lipid clearance via the LDLR and thereby decreases the inflammatory response and improves outcomes in sepsis in both mice and humans. Binding, transport, and clearance of pathogen lipids are strikingly similar to analogous processes for cholesterol lipid clearance, suggesting a shared evolutionary origin (1, (3) (4) (5) (6) (7) (8) . Pathogen lipids play a particularly important role in triggering an innate immune inflammatory response via TLRs. Transfer proteins that bind pathogen lipids, including LBP and BPI, are similar in structure to endogenous lipid transfer proteins such as PLTP and CETP, and all of these proteins share the ability to bind pathogen lipids and facilitate incorporation into, and transfer between, lipoprotein particles (including HDL, LDL, VLDL, and chylomicrons) (1, (3) (4) (5) (6) (7) (8) . Our results demonstrate that pathogen lipid clearance and the downstream inflammatory cytokine and physiological consequences are affected by PCSK9, which binds and promotes lysosomal degradation of the LDLR. Genetic LOF of the LDLR in mice and a PCSK9-resistant variant of LDLR in humans reduced the effect of PCSK9, implicating the LDLR in this pathogen lipid clearance pathway. In the setting of intact LDLR function, PCSK9 LOF and GOF genetic variants had a statistically significant effect on patient survival from septic shock.
Three missense PCSK9 LOF variants are relatively common (minor allele frequency >0.5%). The missense variant rs11591147 results in an R46L substitution, which is consistently associated with low LDL cholesterol levels and, hence, is a LOF variant (12, 15, 16) . More modest decreases in LDL cholesterol levels are reported for the LOF variants rs11583680 A53V (15) and rs562556, which result in decreased total cholesterol and LDL cholesterol (37) . The GOF variant rs505151 G670E has a somewhat greater effect on increasing LDL cholesterol (38) . The overall modest changes in LDL cholesterol observed in humans who carry these variations translate into much larger differences in clinical outcomes (20) associated with coronary artery disease (12) and myocardial infarction (14, 20) . We similarly found substantial replicated differences in clinical outcomes in septic shock patients (Fig. 3, A and B) . One possible explanation for the clinical impact we observed is that the effect of these PSCK9 genetic variants on pathogen lipid clearance was not fully reflected by their effects on static LDL cholesterol levels during health. Alternatively, a relatively modest increase in pathogen lipid clearance may have substantial clinical benefit, just as initiation of antibiotics only 1 hour earlier in septic shock patients results in a 7% decrease in mortality, which is considered to be a large clinical effect size (39) . Similarly, the rs688 variant of LDLR has minimal impact on LDLR function but reduces susceptibility of LDLR to PCSK9 by~25% (36) . Taken alone, the LDLR rs688 results are not conclusive, but together with murine Ldlr -/-observations and with the knowledge that the primary effect of PCSK9 is on the LDLR with respect to cholesterol clearance (20) , our observations suggest that the effect of PCSK9 in sepsis is mediated via the LDLR.
In humans, long-term statin therapy increases LDLR expression (40, 41) (which should therefore increase pathogen lipid clearance) and thus appears to be an alternative test of our hypothesis. However, statins have competing detrimental effects with respect to sepsis, including an increase in PCSK9 expression and a decrease in LDL cholesterol levels-LDL cholesterol may beneficially sequester pathogen lipids (42) . Indeed, the effects of statins on human sepsis outcomes are mixed and inconclusive. Statin treatment modestly reduces the incidence of pneumonia (43) and reduces mortality of patients admitted to the hospital with pneumonia (44) . However, continuation of statin therapy had no further effect on patients who were hospitalized with sepsis (45) .
The strategy of modulation of the host response to sepsis has not been successful in altering mortality in severe sepsis and septic shock despite more than 50 clinical trials. In contrast, a strategy directed at reducing the inciting stimulus by early suppression of bacterial pathogens with antibiotics has been strikingly effective, reducing septic shock mortality by~7% per hour (39) . PCSK9 inhibition potentially supports this second strategy by enhancing pathogen lipid clearance. Thus, the current results suggest that mechanisms of clearance for pathogen lipids might offer a family of therapeutics targets for sepsis.
MATERIALS AND METHODS

Animal models
All animal studies were approved by the University of British Columbia animal ethics committee and conformed to the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals.
Animals
Male Pcsk9 knockout (Pcsk9 -/-; B6;129S6-Pcsk9tm1Jdh/J) mice and genetic background control mice (body weight, 25 to 30 g; 10 to 14 weeks old) were obtained from Jackson Laboratories. Compared to wild-type control mice, Pcsk9 -/-mice have reduced plasma cholesterol concentrations with nearly undetectable LDL cholesterol concentrations (33) . In addition, PCSK9 protein is also undetectable in plasma (33) . There are no other reported obvious phenotypic alterations.
LPS-induced systemic inflammation
We used LPS injection in mice to induce a well-characterized stereotypic systemic inflammatory response to maximize statistical power in detecting differences in the inflammatory response rather than as a model of highly variable human sepsis. We chose 6 hours after LPS treatment as the time point for blood collection because this time point was shown previously to be when cytokine levels peak after LPS infusion in C57BL/6 mice (24).
Healthy mice had activity level, body temperature, blood pressure, and left ventricular ejection fraction (echocardiography) assessed at baseline (time 0) (Supplementary Methods). Mice were then injected intraperitoneally with LPS (20 mg/kg, from E. coli strain 01 II: B4, Sigma). This dose was determined from previous experiments where, in the background strain of C57BL/6 mice, LPS (20 mg/kg) delivered intraperitoneally was the lowest dose that was lethal in all cases within 12 hours (24) . Activity levels and body temperatures were then measured every hour for 6 hours. At 6 hours, left ventricular ejection fractions were assessed again, and blood pressure was measured by invasive arterial cannulation (Supplementary Methods). Inflammatory cytokine concentrations were measured in plasma, taken at this 6-hour time point, using a multiplex enzyme-linked immunosorbent assay-based assay, and plasma endotoxin concentrations were measured using a Limulus Amebocyte Lysate assay (Supplementary Methods).
Cecal ligation and puncture CLP was performed as described in (46) . Mice were anesthetized with 1 to 3% isoflurane and kept warm (>35°C) using a heating pad. A midline laparotomy (2 cm) was performed, and the cecum was exposed and ligated using a 6-0 suture anterior to the iliocecal valve, without causing intestinal obstruction. The cecum was perforated once through and through in the midsection using a 19-gauge needle. The incision was closed, and postoperatively, mice received 1 ml of normal saline subcutaneously. Beginning 6 hours postoperatively, mice received imipenem (25 mg/kg) subcutaneously twice daily. Sham operation included all of the above but did not puncture the cecum.
Bacterial copy number in lung tissue assessed with real-time qPCR Lung tissue was rinsed in ice-cold phosphate-buffered saline (PBS) and snap-frozen in liquid nitrogen, followed by DNA extraction. Standard curves for reverse transcription qPCR (RT-qPCR) were generated as follows. Genomic DNA was extracted from E. coli DH5a bacteria grown in LB broth, using DNeasy kit (Qiagen, 69506). To construct a standard curve by qPCR, we compared cycle threshold versus copy number in which DNA is diluted 10-fold from 9.92 × 10 -7 to 9.92 × 10 -1 ng/ml (corresponding to 1,000,000 to 1 bacterial genomes).
Real-time qPCR was performed on the ViiA 7 system (Applied Biosystems) for a 466-base pair (bp) fragment of the bacterial 16S ribosomal DNA, which was amplified using the forward primer 5′-TCCTACGGGAGGCAGCAGT-3′ and the reverse primer 5′-GGAC-TACCAGGGTATCTAATCCTGTT-3′, as described in (47) . Our published modifications to the published protocol included using a DNA-binding dye (SYBR Green) rather than the original TaqMan probe (28) . The 466-bp product was amplified under the following conditions: 95°C for 5 min; 40 cycles of 95°C for 30 s, 60.5°C for 30 s, and 72°C for 60 s; and then a 10-min extension at 72°C. Bacterial copy number per milliliter was derived from the E. coli DH5a-derived standard curve. Double-blind, randomized controlled trial design for CLP A laboratory technician (M.S.C.) labeled packages of sterile 1-ml syringes (one package per mouse) with randomly generated numbers and filled them with 100 mg of PCSK9-blocking antibody (BPS Bioscience, 71207) or an IgG1 isotype control (R&D Systems, MAB002). An animal technician (Y. Wang) was blinded as to the identity of the syringes. Mice were injected once daily subcutaneously with the blinded solution beginning 6 hours after CLP. The team that analyzed the survival data was blinded to the identity of the syringes until assessment of the final mouse was completed.
Berberine pretreatment to inhibit hepatic PCSK9 mRNA expression. At concentrations of 1 to 10 mM, berberine inhibits transcription of PCSK9 within 24 hours (34, 48) . With a volume of distribution of 1 ml and a molecular weight of 371, we targeted plasma levels of 10 mM in mice by administering a bolus intraperitoneal injection of berberine, followed by maintenance infusion. Specifically, mice (body weight, 25 g) were injected intraperitoneally 60 hours before exposure to LPS, with 100 mg of berberine (Sigma-Aldrich) in 100 ml of sterile saline or saline vehicle. The next morning, a 72-hour osmotic pump (ALZET) with an infusion rate of 1 ml/hour was implanted intraperitoneally. Pumps contained 100 mg of berberine or vehicle saline. We confirmed that berberine pretreatment decreased hepatic expression of Pcsk9 using RT-PCR (Supplementary Methods).
Ldlr knockout (Ldlr -/-) mice with and without inhibition of Pcsk9 expression. Twelve male Ldlr -/-mice (B6.129S7-Ldlrtm1Her/ J, Jackson Laboratories) 10 to 12 weeks of age and 25 g in weight were pretreated with berberine or sterile saline via a 72-hour infusion pump. Mice were injected intraperitoneally with LPS (100 mg/kg), and activity and body temperature were scored over the next 6 hours.
In vitro assay of hepatocyte LPS clearance
Immortalized human hepatocytes (HepG2 cell line, American Type Culture Collection) were seeded into a 24-well plate and grown to 80% confluence. The culture medium for the duration of the experiment was 80% DMEM (Invitrogen, 11965-065) and 20% human plasma from pooled healthy donors.
Addition of PCSK9. Three hours before LPS treatment, cells were treated with purified recombinant human PCSK9 protein (3 mg/ml) (ACROBiosystems, PC9-H5223) or a vehicle control. Four and 19 hours after, LPS cells were again treated with recombinant human PCSK9 (3 mg/ml) or a vehicle control. Cells were treated with Alexa Fluor 488-conjugated LPS (Invitrogen, L-23351) or with standard nonfluorescent LPS (Sigma, L2880) as a control. After 24 hours of LPS treatment, each well was rinsed two times with PBS) and detached from the wells with Accutase (BD 561527). Cells were collected, washed with PBS, and resuspended in 500 ml of PBS, then analyzed by flow cytometry (Beckman Coulter Gallios Flow Cytometer). Cells were gated by forward and side scatter for viability using previously determined parameters; 20,000 gated cells were counted per sample. The output of interest was MFI from the instrument's FL1 laser (excitation wavelength, 488 nm, emission wavelength, 525/20 nm). Background autofluorescence of cells treated with nonfluorescent LPS was subtracted to determine the fluorescence level resulting from uptake of the LPS conjugate. Data analysis was performed using Kaluza Analysis 1.3 software (Beckman Coulter).
Human genetic association studies VASST derivation cohort. VASST was a multicenter, randomized, double-blind, controlled trial evaluating the efficacy of vasopressin versus norepinephrine in 778 patients who had septic shock (29) and vasopressor infusion of at least 5 mg/min of norepinephrine or equivalent (30) . Inclusion criteria and clinical phenotyping are described elsewhere (30) . DNA was available from 632 patients. The research ethics boards of all participating institutions approved this trial, and written informed consent was obtained from all patients or their authorized representatives. The research ethics board at the coordinating center (University of British Columbia) approved the genetic analysis.
SPH validation cohort. All patients admitted to the intensive care unit (ICU) at SPH in Vancouver, Canada between July 2000 and January 2004 were screened, and of these, 415 patients were classified as having septic shock, had DNA available, and were successfully genotyped. Septic shock was defined by the presence of two or more diagnostic criteria for the systemic inflammatory response syndrome (29) , proven or suspected infection, new dysfunction of at least one organ, and hypotension despite adequate fluid resuscitation (29) . Inclusion criteria and clinical phenotyping are described elsewhere (8) . The Institutional Review Board at SPH and the University of British Columbia approved the study.
GENE population. Healthy, nonobese subjects (n = 294) with selfreported European or African American racial background were recruited for participation in the GENE study (49) . Major exclusion criteria included medication or supplement use or evidence of any disease. After overnight acclimatization, LPS [E. coli-derived LPS (1 ng/kg); U.S. standard reference, lot no. CCRE-LOT-1+2, Clinical Center, Pharmacy Department at NIH, Bethesda, MD] was administered as an intravenous bolus, and subjects were monitored for 24 hours (49) . Serial blood draws were taken (5 min before and 1, 2, 4, 6, 12, and 24 hours after LPS injection). Serum and plasma were obtained for measurement of cytokines, proteins, and lipids, and buffy coat was stored for genetic analyses. Samples were stored at -80°C before analysis. The protocol was approved by the University of Pennsylvania Institutional Review Board, had regulatory oversight by the U.S. Food and Drug Administration (LPS: IND 5984), and was monitored by an NIH-appointed data safety and monitoring board. Genotyping and cytokine measurements from these human cohorts are described in Supplementary Methods.
Statistical analysis
We used repeated-measures ANOVA to test for differences in activity level, temperature, and ejection fraction between Pcsk9 -/-and wild-type control mice over time. We used unpaired t tests to test for differences in mean arterial pressure because this variable was measured using two different instruments at baseline and at 6 hours after LPS administration. Cytokine concentrations were log-normally distributed, so we tested for differences in logarithms of concentrations for murine TNFa, IL-6, IL-10, JE, and MIP-2 and for replication of directionally similar changes in human homologs of TNFa, IL-6, IL-10, MCP-1, and IL-8 using a one-way ANOVA. To assess changes in cytokine concentrations for the murine CLP model, we tested for differences in change from day 1 in log-transformed and normalized values using the slope coefficient estimates and SEs for the two treatment groups [analysis of covariance (ANCOVA)].
We tested SNPs for Hardy-Weinberg equilibrium using a c 2 test. For human septic shock, our primary analysis of 28-day survival curves used a log-rank test stratified by Caucasian or non-Caucasian ancestry, and a secondary analysis used logistic regression to examine 28-day survival by PCSK9 genotype, including the covariates of age, gender, Caucasian ancestry, and a surgical versus medical primary diagnosis in the statistical model.
Subgroup SNP analysis. Survival analysis up to 28 days was performed used Cox proportional hazards models for SNPs using the covariates age, gender, ancestry, and surgical diagnosis. We required a minimum of three patients for each ethnicity in each cohort; therefore, we included only Caucasians, Asians, North American aboriginals, and Indians (patients of Latino or Middle Eastern ancestry were excluded because of low numbers). We performed the analysis for the VASST and SPH ICU1 cohorts independently as well as merged (for the merged data set, a cohort factor was included as a covariate). All SNP alleles were present in more than 1% of the patients except for the homozygous 2 (GG) for rs505151 in only two patients in the ICU1 cohort; to improve robustness of modeling, homozygous 2 for rs505151 was replaced with heterozygous 1 and interpreted as one or more variant alleles. Each SNP was evaluated independently using the numeric values 0, 1, and 2 for wild-type and 1 or 2 SNP variant bases present. An additional LOF variable representing any LOF SNP present with values 0 or 1 was also evaluated. The method coxph (http://www.R-project.org) from the base stats package in the R statistical language was used.
To test LPS-evoked differences in plasma analytes, subjects were categorized as LOF carriers if they carried one or more minor alleles of the three LOF SNPs (rs562556, rs11583680, and rs11591147) and no copies of the minor allele for the GOF SNP rs505151. Peak IL-6 levels and area under the IL-6 curve, calculated using the trapezoidal rule, were compared between LOF and non-LOF by rank sum test. To allow adjustment for genetic ancestry and covariates shown to influence IL-6 measurements [gender, BMI, and age (49)], values were normalized, and linear regression including the first three components of the principal components analysis for genetic ancestry, gender, age, and BMI was performed. Differences were considered significant if P < 0.05. All analyses were performed using R (version 2.8.1, http://www.R-project. org), SPSS version 22.0 (SPSS Inc.), or Stata 12.0 statistical software packages.
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